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Technical Note

1 LIGHT-DEPTH ENVIRONMENT MAP

In this work we introduce a new type of space representation, the
light-depth map. This map contains both radiance and the spa-
tial displacement (i.e., depth) of the environment light. The tra-
ditional approach for an environment map is to take it as a set of
infinite-distant or directional lights. In this new approach the map
gives information about the geometry of the environment, so we
can consider it as a set of point lights instead of directional lights.
This second approach results in a more powerful tool for render-
ing purposes, because the most common environment maps have
their lights originally in a finite distance from the camera, such as
an indoor environment map. With the depth we can reconstruct
their original location and afford more complex and accurate light-
ing and reflection calculations. This enhanced map is no longer a
map of directional lights but a conglomeration of lights points.

Figure 1: The picture shows the radiance channel of the environ-
ment and the depth channel used for reconstruct the light positions.

For the following mathematic notations, a pixel sample from the
light-depth map is denoted by M(ωi, zi), where ωi is the direction
of the light sample in the map and the scalar value zi denotes the
distance of the light sample from the light space origin. The light
sample position in light space is given by the point ziωi.

2 RENDERING AUGMENTED SCENES

Our rendering system is based on the ray tracing algorithm. For
render synthetic elements into a real scene photo-realistically, our
system implements some ray tracing tasks differently. We will dis-
cuss the aspects that differ from the traditional approach to lead the
introduction of the rendering algorithm for augmented scenes.

2.1 Scene Primitives

Our rendering system needs a special classification of the scene
primitives, figure 2, where each category defines different light scat-
tering contributions and visibility tests.

Synthetic primitives: the objects that are new to the scene. They
don’t exist in the original environment. Their light scattering cal-
culation does not differ from a traditional rendering algorithm, eq.
(1).

Support primitives: surfaces present in the original environment
that needs to receive shadows and reflections from the synthetic
primitives. Their light scattering calculation is not trivial, because
it needs to converge to the original lighting, eq. (3).

Environment primitives: all the surfaces of the original environ-
ment that need to be taken into account for the reflections and shad-
ows computations for the other primitive types. They don’t require
any light scattering calculation, because their color is computed di-
rectly from the light-depth map, eq. (2).

Figure 2: Primitives classification: synthetic (blue), support (red)
and environment (olive) primitives.

2.2 Visibility

In augmented scenes, where we have support and synthetic objects,
the traditional visibility test cannot solve all types of interaction be-
tween the scene objects. Consider a point p on a support surface.
When we are computing the light contribution for this point we do
not consider obstructions given by other support object because all
interaction between support objects are computed in the captured
environment map. We only consider shadows generated by the syn-
thetic objects and shadows casted over synthetic objects. To do this,
we modified the visibility test to include the new special cases. The
next table shows the possible results for our visibility test for the
possible primitives combinations between the origin and the first
intersection of visibility rays.

Ray origin First intersection
Primitive type Synthetic Support Environment

Synthetic false false true
Support false true true

2.3 Surface Scattering: Estimating the Direct Lighting

The computation of the direct lighting contribution, Lo(p, ωo), de-
pends on the primitive type of p. Thus, for each type of primitive,
we have a particular way to compute the contribution

• Synthetic primitives: Lo(p, ωo) is computed using the tradi-
tional Monte Carlo estimator

Lo(p, ωo) =
1

N

N∑
j=1

f(p, ωo, ωj)Ld(p, ωj)| cos θj |
pdf(ωj)

(1)

• Environment primitives: direct lighting contribution is ob-
tained directly from the light-depth map as

Lo(p, ωo) = M(ωp/|ωp|, |ωp|), (2)

where ωp = WTL(p). 1

• Support primitives: Lo(p, ωo) is computed by the estimator
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, (3)

where ES(p, np) denotes a special scale factor term used in-
stead the BSDF term f(p, ωo, ωj).

1WTL(p) transform p from world space to light space.



3 RENDERING USING LIGHT-DEPTH MAPS

The main deficiency in traditional rendering algorithms based in
environment maps is that all light scattering calculations are per-
formed using the environment map as a set of directional lights.

We will discuss now how our method computes shadows and re-
flections using light-depth maps and give the main idea of our path
tracing algorithm.

3.1 Shadows

For every ray that intersects with the scene at a point p on a surface,
the integrator takes a light sample ωi from the environment map to
compute the light contribution for p. Next, the renderer performs a
visibility test to determine if the sampled light is visible or not from
the point p.

The integrator uses the light sample position in real world and not
only its direction to determine visibility. The visibility test is per-
formed using the light sample direction ωi and multiplying it by
its depth value zi to obtain the point zi · ωi in the light coordinate
system. The point zi · ωi is transformed to world space (LTW) to
obtain li = LTW (zi ·ωi). Thus the visibility account is computed
for the ray r(p, li − p) instead r(p, ωi) (see figure 3).
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Figure 3: Visibility test. The ray r(p, LTW (ωi)) used by the di-
rectional approach is not occluded, so the light li contributes for
the scattering account of point p. The ray r(p, li − p) used by our
light-positional approach is occluded by a synthetic object, thus it
gets the correct world-based estimation.

3.2 Reflections

Given a point p on a surface, the integrator takes a direction ωi by
sampling the surface BRDF (Bidirectional Reflectance Distribution
Function) to add reflection contributions to point p. In order to do
that, the renderer computes the intersection of the ray r(p, ωi) with
origin p and direction ωi with the scene. If the intersection point
q is over a synthetic or a support surface its scattering contribu-
tion must be added to the reflection account as it would normally.
Otherwise, if the intersection was with an environment mesh, q is
transformed from world space to light space (WTL) by computing
qL = WTL(q). The contribution given by the qL direction in the
light-depth map is then added to the reflection account (figure 4).

3.3 Path Tracing for Light-Depth Environment Maps

We use an implementation of the path tracing algorithm that solves
the light equation constructing the path incrementally, starting from
the vertex at the camera p0. At each vertex pk, the BSDF (Bidirec-
tional Scattering Distribution Function) is sampled to generate a
new direction; the next vertex pk+1 is found by tracing a ray from
pk in the sampled direction and finding the closest intersection.
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Figure 4: Reflection account. The ray r(p, ωi) intersects the scene
at point q, over the environment mesh. The radiance of q is stored
at qL direction in the light-depth map. The correct reflection value
is given by qL, instead the ray ωi used in the traditional approach.

For each vertex pk with k = 1, · · · , i− 1 we compute the radiance
scattering at point pk along the pk−1− pk direction. The scattering
computation for pk on a synthetic, support or environment surface
is performed using respectively the equations (1), (3) and (2).

A path p̄i = (p0, · · · , pi) can be classified according the nature of
its vertices as

• Real path: the vertices pk, k = 1, · · · , i − 1 are on support
surfaces.

• Synthetic path: the vertices pk, k = 1, · · · , i − 1 are on
synthetic objects surfaces.

• Mixed path: some vertices are on synthetic objects and other
on support surfaces.

There is no need to calculate any of the real path for the light. They
are already present in the original photography. However, since part
of the local scene was modeled (and potentially modified), we need
to re-render it for these elements. The calculated radiance needs
to match the captured value from the environment. We do this by
aggregating all the real path radiance in a vertex p1 as direct illu-
mination, discarding the need of considering the neighbor vertices
light contribution.

The synthetic and mixed light paths are calculated in a similar way,
taking the individual path vertex light contributions for every vertex
of the light path. The difference between them is in the Monte
Carlo estimate applied in each case. In the figure (5) you can see
the different light path types and the calculation that happens on the
corresponding path vertices.
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Figure 5: Path type classification. The yellow cones shows which
vertices contributes for direct lighting account. In real paths only
the first vertex contributes with direct lighting, all path contribu-
tion is stored on the light-depth map. Synthetic path are computed
normally. Mixed paths contributes only at first vertex p1, at all syn-
thetic vertices, and for all support vertices that are the next path
step of a synthetic vertex.



4 RESULTS

The rendering performance of our approach is equivalent to the ren-
dering of a normal scene with the same mesh complexity using a
physically based light rendering algorithm. There was no visible
lost in that regard. Part of the merit of this, is that this is an one-
pass solution. There is no need for multiple composition passes.
The rendering solution converges to the final results without ”ad-
justments” loops been required like Debevec’s approach [Debevec
1998].

The mirror ball reflection calculation can be seen in more details
in the figure 6. This is a comparison between the traditional direc-
tional map method and our light-depth solution. The spheres and
the carpet are synthetic and render the same with both methods.
The presence of the original environment meshes makes the reflec-
tion to be a continuous between the synthetic (e.g., carpet) and the
environment (e.g., wood floor).

The proper calibration of the scene and the correct shadows helps
the natural feeling of belonging for the synthetic elements in the
scene. In figures 7 and 8 you can see the spheres and the carpet
inserted in the scene. The details are shown in a non panoramic
frustum to showcase the correct perspective when seen in a conven-
tional display.

Finally, we explored camera traveling for a few of our shots. In the
figure 9 you can see part of the scene rendered from two different
camera positions. The result is satisfactory as long as the support
environment match is properly modeled. For slight camera shifts
this is not even a problem.

Figure 6: Comparison between reflections given by directional
map (upper) and light-depth map (lower) approaches.

Figure 7: Limited frustum view of the augmented scene. The doll,
the buddha and the spheres were added to the original scene.

Figure 8: Shadows computed using the light-depth map. The ori-
entation of the shadows varies respecting the position of the balls
in the scene. Look the difference between shadows of the red and
the blue balls.

Figure 9: The camera traveling effect. Two points of views using
camera position displaced from the environment origin.
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